Background: Optical trapping has traditionally been used to visually select and isolate nonadherent cells grown in suspension because cells grown in monolayers will rapidly reattach to surfaces if suspended in solution. We explored methods to slow cell reattachment that are also compatible with high-fidelity PCR. 
The manipulation and molecular analysis of single cells have many applications in research and medicine. Numerous reports in the literature describe the selective genetic analysis of a very small number of cells, including single cells. Types of analysis currently performed with single cells include PCR (1) (2) (3) , reverse transcription-PCR (4, 5 ) , gene expression and expression profiling (6, 7 ) , gene amplification (8 ) , cDNA libraries (9 ) , DNA damage and repair (10 -12 ) , mRNA differential display (13 ) , apoptosis (14 ) , enzymatic assays (15 ) , mutation and loss of heterozygosity (16, 17 ) , comparative genomic hybridization (18, 19 ) , cell signaling (20 ) , and peptide profiling by matrix-assisted laser desorption/ionization mass spectrometry (21 ) . DNA typing studies have been reported for diploid cells, single hairs, and sperm cells (22) (23) (24) . Singlecell genotyping has been used for several diseases, including ␤-thalassemia (25 ) , retinoblastoma (26 ) , cystic fibrosis (27 ) , and multiple genetic diagnoses using multiplex PCR (28 ) . These studies have generated advances in various aspects of cell biology, such as in the analysis of cellspecific gene expression and genetic variations, the characterization of infectious agents for disease mapping, and the forensic identification of individuals (29 ) .
With the advent of scientific investigations using improved detection capabilities down to the molecular level, focus has been on elaborating methods for the handling and preparation of single cells. However, this task is not easy, and it is often addressed empirically. A routine approach to single cell isolation is the preparation of serial dilutions of a cell culture suspension. By lowering the initial cell density, an investigator can recover single cells in the culture medium per unit of volume. This method, however, lacks singular accuracy for the identification and selection of specific cells from a heterogeneous suspension. The use of immunomagnetic microparticles or flow cytometry has also been useful in cell-sorting proce-dures. With careful selection of sorting parameters or immunotargets, these methods have the ability to select a specific cell type from a mixed population of cells. However, flow sorting requires the availability of a large number of cells and is often blamed for damaging cells during the sorting process. Furthermore, none of these methods allows for the continuous observation of the specimen during the purification procedure, nor are they adequate for routine recovery at the single cell level. It is also possible to isolate a single cell from a heterogeneous suspension by use of mechanical micromanipulators. However, mechanical manipulations are tedious to perform and typically have a low success rate.
In the specific case where thin tissue sections are available, laser-capture microdissection under direct microscopic visualization is a powerful approach for isolating cells. In this technique, a transparent thermoplastic film is applied to the surface of a tissue section. A laser beam is then used to activate the adhesion property of the film directly above the cells of interest (30 ) . The target cells are thus collected by attachment to the plastic film. This technique is capable of isolating single cells without contamination when the sections are very thin (ϳ 1 cell thickness) (31 ) .
Another approach for the visualization, selection, and sorting of single cells is optical trapping. In the same manner that microscopic particles in suspension can be displaced by the forces exerted by a beam of photons (32) (33) (34) , a highly focused beam of near-infrared light can be used for the in vitro manipulation of cells. The principle of operation for optical trapping has been well described; an extensive bibliography in PDF format can be found on the Cell Robotics International web site (http:// www.cellrobotics.com/prod.html). In practice, a laser beam introduced into the optical path of the microscope and focused through a large numerical aperture objective lens converges to form an optical trap at the focal point for the laser. The cell, which is transparent to the incident laser beam and whose refractive index exceeds that of the surrounding medium, is drawn toward the brightest point (highest photon density). The laser photons that are refracted by the cell produce miniature pressures on it, forming a gradient force in three dimensions sufficient to make the cell levitate. Displacement of the captured cell relative to the rest of the sample is then achieved by either moving the microscope stage or by displacing the laser beam itself (35 ) . Cell viability is maintained because at wavelengths from 830 to 1064 nm few chromophores extensively absorb the photon energy and the penetration depth is maximal (36 ) . Because the laser light is absorbed only slightly or not at all by biological samples, optical trapping remains mostly nondamaging for living specimens (37 ) . Moderate temperature increases within a few degrees centigrade have been observed within the confinement of the trap (38, 39 ) .
Although optical trapping of single cells may have negligible biological effects, it is highly dependent on the wavelength of laser light and the dosage of irradiation to which cells are exposed (40 -42 ) . It has also been suggested that dual-photon absorption and ultraviolet-like energy deposition may have damaging effects on genetic material and present potential for mutation (43 ) .
The advantages of optical trapping are that cells are isolated alive and intact, cells are visualized under the microscope before trapping (ensuring that only the cell type of interest is captured), isolation can be done quickly and efficiently, and the procedure requires very few cells in the sample. Because cells are visualized before trapping, this method allows for selection of specific cell types when a mixed population of cell types are present in the culture (44 ) . In addition to selection of specific cell types from blood (the earliest use of optical trapping), the method has also been used to select specific vertebrate retinal cell types (45 ) and to select for cells interacting with natural killer cells (46 ) .
In the present study, we evaluated the selection and isolation efficiency of optical trapping for cells grown on solid supports. Because optical trapping requires that a cell stay in suspension several minutes to allow capture and movement to a cell-free area of the capture chamber, the utility of this technique for cells grown in culture on plates was uncertain because of the typical rapid reattachment kinetics after cell suspension. Using a simple procedure to slow reattachment that is compatible with subsequent molecular analysis, we measured the success of single cell sorting by optical trapping by the effective collection and PCR amplification of genetic sequences. In addition, we demonstrated high-fidelity amplification of the single-copy gene p53 (in one round of PCR) for mutation analysis in exons and introns 5-9 from a single cell. Our results indicate that single cell sorting by optical trapping may be applied to cell lines that are usually adherent to solid supports (cell culture plates), dramatically expanding the scope of scientific investigations oriented toward the recovery of rare or abnormal cells for molecular analysis and further genetic identification.
Material and Methods cell lines and culture
HeLa S3 cells (cell line CCL-2.2; American Tissue Cell Culture Collection) were grown with complete DMEM supplemented with 100 mL/L fetal bovine serum (Life Technologies) on 100-mm cell culture plates (Falcon ® ; Becton Dickinson Labware) at 37°C in 5% CO 2 . The complete medium contained 1ϫ essential and nonessential amino acids and vitamins, 1ϫ l-glutamine, and 1ϫ penicillin-streptomycin (Sigma). For optical trapping experiments, one plate of confluent cells was harvested by first removing the medium and rinsing briefly with 5 mL of phosphate-buffered saline (PBS). 3 In addition, although the laser module was firmly attached to the microscope body, the laser beam could be precisely aligned relative to the optical path of the microscope by use of a beam steering mechanism that works with a pair of quasi-parallel mirrors, gold-coated for optimized infrared reflectance (Ͼ98%). z-Axis motion was controlled through a motorized focus adjuster. Parfocality adjustment was through a Keplerian beam expander. The laser source was a semiconductor, continuous wave, 1 W, single longitudinal and single transversal mode, MOPA laser diode (collimated beam, 3 mm in diameter) with peak emission centered at the nondamaging wavelength of 985 Ϯ 10 nm, with an emission bandwidth of 2 nm for ϳ80% relative intensity (SDL). A two-section monolithic laser structure was used. The first section (Master Oscillator) generated the single-mode and single-frequency characteristics; the second section (Power Amplifier) increased the output power. The output power of the laser source could be adjusted in 1% increments from 0 to 1000 mW. All system controls, including laser power, motorized stage, and focus adjuster, were controlled by custom LabVIEW ® -based software (Cell Robotics) on a Pentium ® 166 MHz computer (Dimension XPS M166S; DELL). The computer mouse was used for system operation. Command functions were with on-screen software menus with dedicated virtual tools.
isolation of single cells
Cell observation and identification were performed before and simultaneously with optical trapping. Cells were monitored with a standard monochrome PAL format camera with pixel resolution of 768 ϫ 494 (Sony XC-75CE) that was mounted on the microscope camera port and connected to a video board and frame grabber (Bandit; Coreco Inc.). A live video display of the specimen was shown on the computer's color monitor (multiscan 17-inch, high resolution; DELL).
To capture a single cell, 5-10 L of HeLa cells suspended in PBS (or PBS containing BSA) were placed in a cell capture chamber (Fig. 1) . The cell capture chambers used were made from double-sided adhesive elastomer (Cell Robotics) that was placed on standard microscope cover glasses (24 ϫ 50 mm; 170-m thick; Fisher Scientific). The compartment of the cell chamber in which the HeLa cells was placed was screened under the microscope for single cells that were still free floating (not attached to the cover glass or aggregating to other cells). When a single cell was found, the laser trap was activated and the cell was moved away from the bulk of the cells into a channel of the chamber that did not contain any cells. Because the cell was held stationary above the objective lens, movement of the cell was accomplished by a motorized microscope stage. While the cell was being moved, it was monitored through the microscope on the computer screen to make sure the cell stayed in the trap. The microscope stage was capable of speeds sufficient to knock cells out of the trap, so it was important to monitor the cells during movement. On average, microscope stage speeds Ͼ100 m/s would displace the cell from the trap. In cases where a cell fell out of the trap during transit, it was often possible to recapture the cell in the trap and continue moving the cell down the channel. Once a trapped cell was moved away from the bulk of cells to an area in the chamber where no cells were seen on the computer screen (at least 5 mm from cell compartment), the cell was immediately removed by aiming the tip of a standard 20-L pipetter at the active optical trap and withdrawing 5-15 L. Cells were placed directly in pcr amplification of the 5S rRNA gene Initial PCR amplification of the human 5S rRNA gene focused on a 190-bp region containing the 5S rRNA gene previously used in the laboratory (Ϫ75 to ϩ113 of the gene; GenBank accession no. X12811). The oligonucleotide primer sequences used for amplification of the 5S rRNA gene were as follows: primer A, 5Ј-TGGCGGTGTCGGCT-GCAATCC-3Ј, and primer B, 5Ј-CAGCACCCGGTATTC-CCAGG-3Ј. All primers used in the study were designed using a molecular biology software program, GeneRunner Ver. 3.05 (Hastings Software). Primers were synthesized by the Center for Genetics in Medicine of the University of New Mexico's Department of Biochemistry and Molecular Biology. Subsequent amplification of a genomic region 3Ј to the 5S rRNA gene used primer C (5Ј-GCCCAGGCGATTCAATTCAC-3Ј), primer D (5Ј-TCGTCGCACCCTTCCAAACC-3Ј), primer E (5Ј-TTCTT-GGATGAATTGCTTGC-3Ј), and primer F (5Ј-TCTTGAG-CAGGCCGGGATAG-3Ј). The schematic locations of these primers on the genomic 5S repeat are shown in Before PCR amplification of single cells, the cell was first treated with proteinase K (PK; Worthington Biochemical) directly in the PCR tube into which the cell was first placed, as described in the Results and Discussion section. In addition, after PK digestion, the volume was adjusted to 25 L with PBS, and 50 L of a 1.5ϫ PCR reaction mixture was added that contained all other PCR components. The final PCR reaction conditions for 5S rRNA amplification to determine the cell-capture efficiency from the optical trap used KlenTaq, 40 cycles, and an annealing temperature of 58°C.
PCR products were separated on 1.5% agarose gels (SeaKem ® LE; FMC BioProducts,) in Tris-borate-EDTA buffer containing 1ϫ GelStar ® stain (FMC BioProducts) added before the gel was poured. Images of the gels were captured with an AlphaImager TM 2000 CCD camera system (AlphaInnotech) using a SYBR Green photographic filter (FMC BioProducts).
pcr amplification, cloning, and sequencing of the p53 gene from a single cell A 2049-bp segment of the human p53 gene, containing exons 5-9, was amplified with use of primer G (5Ј-GTTTCTTTGCTGCCGTGTTCC-3Ј) and primer H (5Ј-TG-TATCAGGCAAAGTCATAGAACC-3Ј), corresponding to positions 12972-12992 and 14998 -15021 of the p53 genomic sequence, respectively (GenBank accession no. U94788). A schematic of the locations of these primers with respect to exons 5-9 is shown in Fig. 4A . cycles. In the same manner as the single-cell 5S rRNA gene PCR, after PK digestion, 50 L of a 1.5ϫ PCR reaction mixture was added that contained all other PCR components. PCR products were isolated from 1.0% agarose gels with use of DEAE membranes (Schleicher & Schuell) as described by the manufacturer. Pfu PCR products were phosphorylated on the 5Ј end with T4 polynucleotide kinase (New England BioLabs) in the presence of ATP (Sigma), and then ligated to 50 ng of blunt-end EcoRV-digested pBluescript SKϩ vector (Stratagene) with T4 DNA Ligase H.C. (Life Technologies) at 16°C overnight. Ligation reactions were terminated with a 10-min incubation at 65°C and diluted 1:1 with sterile water. Each ligation product (2 L) was transformed into XL-II Ultracompetent Sure Cells (Stratagene). Transformed cells were spread on ampicillin plates treated with 5-bromo-4-chloro-3-indolyl ␤-d-galactopyranoside/isopropyl ␤-d-thiogalactopyranoside (X-gal/ IPTG) and incubated overnight at 37°C. White colonies were selected and incubated overnight (37°C; 225 rpm shaking air bath) in 3 mL of LB broth containing 50 mg/L ampicillin and 20 g/L glucose.
Plasmid DNA was harvested from bacteria by a lithium chloride-based miniprep method (47 ) . To verify inserts, plasmid DNA was digested with BssHII (Stratagene) and electrophoresed on a 1.2% agarose gel stained with ethidium bromide. Plasmids containing the p53 insert were sequenced from each end with use of primers complementary to the plasmid T3 and T7 sites using the BigDye TM terminator cycle sequencing reagent set (PE Applied Biosystems). Because p53 exons 5 and 6 are within 400 bp of the 5Ј end of the clone and exons 8 and 9 are within 500 bp of the 3Ј end (easily sequenced by the T3 and T7 primers), another primer, J (5Ј-GGTGGAT-GGGTAGTAGTATGG-3Ј), was made to sequence exon 7 (see Fig. 4A ). The following conditions were used for cycle sequencing of the plasmid DNA containing the p53 PCR product, which were modified from the conditions recommended by PerkinElmer. For a 10-L total reaction volume: 1 L (10 pmol) of primer, Results and Discussion optimization of cell capture efficiency using optical trapping
The initial goal was to determine whether cells grown in monolayers could be resuspended and efficiently captured by the laser and moved far enough away from the bulk of the cells to be isolated as a single cell for further analysis by PCR. Because suspensions of cells grown in monolayers rapidly reattach to solid supports (as when they are split in culture), we tested several approaches to slow reattachment to the microscope cover glass that supported the cell-capture chamber. Using HeLa cells suspended in PBS, which had been isolated from cell culture by trypsinization, we observed that reattachment occurred within 30 s. Once a cell attached, the optical trapping force was not sufficient to capture and move it. Even when an unattached cell could be quickly captured by the laser, Ͼ90% of the time when the cell was being moved it broke free of the trap and attached to the cover glass (despite the ability of the optical trap to lift the cell ϳ20 m above the surface after capture using the ϫ100 objective lens). After failed attempts involving siliconizing the cover glass and adjusting the ionic strength of the PBS, we discovered that adding BSA to the PBS (used in both the cell suspension and in the cell-capture chamber) dramatically slowed reattachment. Using the BSA solutions that come with some restriction enzymes, we found that a final concentration between 0.2 and 1.0 g/L allowed 6 -8 min before reattachment. This was enough time to capture, move, and isolate two to three cells before a fresh aliquot of cells was needed. Acetylated BSA gave us the same results. A BSA concentration of 0.5 g/L was chosen for all subsequent studies using isolated cells for PCR. One benefit of using BSA is that it would probably not interfere with subsequent PCR reactions because BSA has been shown to prevent PCR inhibition by melanin, hemin, iron, chloride, tannic acids, fulvic acids, feces extracts, and marine water (48, 49 ) .
To isolate a cell from the optical trap, the cell had to be first moved away from the bulk of the cells before being removed from the trap with a pipetter. To move the captured cell to an area free of other cells, two cell-capture chambers designs were tested (Fig. 1) . The logic behind chamber B (Fig. 1) was that the cells would be placed in the upper corner of the smaller compartment (10-L aliquot) and moved to the larger compartment that was filled with PBS containing BSA (no cells) for isolation. Although this design effectively isolated the cell from the rest, it took too long to move the cells that far, allowing cells to evade the trap ϳ25% of the time during the long transit. With the laser at full power, the maximum speed we could move the microscope stage without washing the cell out of the trap was ϳ100 m/s. When no BSA was present, the maximum speed useable was 25-30 m/s. To reduce the time required to isolate a single cell, we redesigned our cell-capture chamber (Fig. 1, chamber A) . In this configuration, 10 L of suspended cells (with BSA) was placed in the upper, round portion of the chamber and the lower channel was filled with PBS containing BSA at the same concentration as the cell suspension. Cells were captured in the reservoir and moved approximately halfway down the lower channel for isolation. While moving the cell, we watched the microscope monitor on the computer to observe whether other cells had started to diffuse down the channel. Using this design, we could pick and isolate two to three cells before the cells in the upper reservoir started to attach. After two to three cells were picked, the entire cell-capture chamber was rinsed with water and refilled with cells and PBS for another round of selection. With this design and a BSA concentration of 0.5 g/L, only 6 cells of 89 evaded the trap during movement (6.7%). With cells smaller that HeLa or a more powerful laser (now available), the stronger optical trapping force would allow higher speeds and better retention of the cell in transit.
Once trapped, the single cell was removed from the chamber by pipette. With practice, the cell could be consistently withdrawn in a 5 L volume. The cell removed from the trap was placed directly in a 0.65-mL thin-walled PCR tube and stored at Ϫ20°C for future analysis. Aiming of the pipetter was accomplished by holding the pipetter steady with two hands while directly observing the location where the isolated cell was held in the chamber on the microscope stage. During the isolation procedure, the optical trap was still active (laser power on) to minimize the chance that the cell would settle and start attaching to the cover glass if the power was turned off before the cell was pipetted. Although no detectable laser radiation was present at ϳ20 cm from the frontal of the highly divergent objective lens, safety glasses were worn to prevent exposing an operator's eyes to potentially Clinical Chemistry 49, No. 3, 2003 harmful laser radiation. Although we did not test turning off the laser power just before capture (as recommended by the manufacture), this procedure may also be just as effective.
pcr assay to determine percentage of cells successfully removed from the optical trap
To determine the percentage of cells that were successfully removed to the PCR tubes, a PCR assay was used to detect cells based on amplification of the 5S rRNA gene. Because the human 5S rRNA gene is present at 1000 -2000 copies/cell (50, 51 ) , we hoped that amplification of this target would be robust, even from a single cell. Using primers A and B, schematically shown in Fig. 2A , we began to optimize PCR conditions, using isolated genomic DNA from HeLa cells (not captured single cells), but we quickly discovered that our no-DNA controls gave a PCR product of the expected size along with several other bands with Taq polymerase. After ruling out contamination of the PCR solutions, we concluded that because of the high degree of conservation of ribosomal sequences between species, our 5S ribosomal PCR primers were amplifying product from the low amount of DNA and RNA that copurifies with the polymerase preparations. Similar problems have also been reported during attempts to amplify regions of the 16S ribosomal gene (52, 53 ) . To combat contamination of Taq preparations, methods have been published to reduce this background PCR by pretreating the Taq polymerase solution with DNase I, ultraviolet irradiation, 8-methoxypsoralen, or biphasic extractions (54 -58 ) . In addition, PerkinElmer offers a version of AmpliTaq called AmpliTaq-LD (low DNA), which is further purified to reduce the DNA content in the enzyme preparation. To determine whether Taq-LD or other polymerases showed similar background PCR with no added DNA template, PCR reactions containing 5S primers A and B were tested with Taq, Taq-LD, and eight other polymerases (Fig. 2B) . Aliquots of the PCR reactions were removed at 25, 30, 35, 40, 45 , and 50 cycles to determine how efficient the background synthesis was. Interestingly, Taq-LD did not significantly reduce the background 5S synthesis or the number of cycles at which the first 5S band appeared (35 cycles). Six other polymerases also showed 5S synthesis between 30 and 35 cycles of PCR (Z-Taq, Pfu, KlenTaq, Hot Tub, DyNAzyme, and PWO). Only two polymerases, Vent and Deep Vent, showed no background synthesis of a 5S band or other nonspecific bands. However, these polymerases contain a very active 3Ј35Ј exonuclease "proofreading" activity, much higher than those in Pfu or PWO, the only other enzymes shown in Fig. 2B that have this activity. In a previous study in which we compared the kinetics of primer digestion by proofreading polymerases under similar PCR conditions with no added DNA template, we found that both Vent and Deep Vent completely digested the PCR primer after only 8 PCR cycles. In contrast, 60 -75% of full-length PCR primer could still be detected after 24 cycles when we used Pfu and PWO (J.M. Gale and G.B. Tafoya, manuscript submitted for publication). Because we were concerned that Vent or Deep Vent would digest the primers faster than they would amplify PCR product under conditions of low amounts of target DNA (expected from single cells), they were not tested in subsequent assay development.
It was clear from these results that new primers needed to be tested. Four primers, C-F, were designed to the 3Ј region of the human 5S tandem repeat (51 ), shown schematically in Fig. 2A . In designing these primers, we first screened candidates against the Escherichia coli sequence to minimize homology. After testing the four possible primer combinations with several polymerases (data not shown), we found that primers C and E with KlenTaq gave the most robust, reproducible amplification of the 5S gene from low amounts of HeLa genomic DNA with no amplification detected from the no-DNA controls.
Before the 5S PCR assay could be tested with isolated single cells, the conditions for digesting the cell with PK needed to be determined. Conditions for the PK treatment before single-cell PCR vary widely in the literature, with PK at concentrations between 100 and 200 mg/L for 0.5-10 h at 40-50°C, followed by 10 -30 min at 80 -99°C to inactivate the PK (17, 19, 59 ) . To directly test the amount of PK needed, we tested three concentrations of PK with the 5S PCR assay. The digestion conditions chosen were 50°C for 1 h and 98°C for 30 min. The results, shown in Fig. 3A , indicate that all three PK concentrations worked equally well and that faint bands of the 5S PCR product could be seen when no PK was added. Reassuringly, control PCR reactions with no cells (PBS ϩ BSA only) did not synthesize a 5S product (Fig. 3) . The lowest concentration of PK used (1.7 mg/L; 2L of PK at 0.01 g/L added to ϳ10 L of PBS ϩ BSA containing the cell) was ϳ100-fold less than the concentration commonly used, although the highest concentration (ϳ170 mg/L) did not show any inhibition of the 5S PCR.
Using our PK protocol and the 5S PCR assay, we determined the percentage of successful cell captures from the optical trap. An example of one test, shown in Fig. 3B , showed that 7 of 10 captures tested actually did contain a cell. Overall, we found that 91.5% (75 of 82) of captures contained a cell when BSA was used. These results show that with the addition of BSA, optical trapping is a practical and efficient method to capture and isolate single cells grown on solid supports.
We are confident that only one cell is being isolated after trapping because (a) only a single cell can be seen caught in the trap under the microscope, (b) the cell is moved a relatively large distance away from the pool of cells in the upper part of the chamber, and (c) the region of the chamber to which the cell is moved can be viewed under lower power to verify that no other cells are in the vicinity before isolation by pipette. Furthermore, although no broken or lysed cells were seen in the chamber in any of our experiments, there is a potential for free DNA diffusion if any cell lysis has occurred. To control for this possibility (and cells in the vicinity of the trap), we took a second pipette isolation from the trap after the cell had been removed. No PCR product of either 5S or p53 was seen for any of these controls (data not shown).
amplification of exons 5-9 of the p53 gene from single cells for mutation analysis
Despite the initial problems in trying to amplify a ribosomal gene target, it was apparent that the multicopy 5S rRNA gene could be easily amplified from a single cell in one round of PCR. However, one of the more difficult challenges of single-cell PCR is the ability to amplify single-copy genes, with high fidelity, for subsequent analysis. As a result of our interest in quantitative mutation assays for ultraviolet irradiation-induced mutations in the p53 gene, we had already established PCR conditions to amplify a 2049-bp genomic fragment containing exons 5-9 and adjoining introns. A schematic of the p53 PCR is shown in Fig. 4A . Using primers G and H and our PK protocol for the single cells, we tested the high-fidelity polymerases, Pfu and Pfx. To determine the minimum number of PCR cycles necessary to amplify the p53 fragment (and keep the polymerase errors to a minimum), we sampled the PCR reactions every 5 cycles from 25 to 40. Shown in Fig. 4B are the results using cloned Pfu (Stratagene and Promega) and PfuTurbo (Stratagene). The results show that the p53 PCR product could be visualized in as few as 30 cycles with the highly sensitive GelStar stain (BioWhittaker Molecular Applications). Both PfuTurbo and Promega Pfu gave good products. No PCR products were formed in the no-cell controls for any polymerase tested (data not shown). The polymerase Pfx was also able to amplify the p53 fragment, but this PCR was not reproducible in our hands despite several attempts using various annealing temperatures and concentrations of the enhancer solution supplied with the polymerase.
The ability to amplify a single-copy gene from a single cell in as few as 30 -35 PCR cycles suggested that polymerase errors might be low enough to obtain accurate sequencing for mutation analysis. The error rate for Pfu is reported to be ϳ1.3 ϫ 10 Ϫ6 mutations/bp/duplication (60 ). For 35 cycles, one Pfu error would occur every 22 000 bp synthesized, or for the 2049-bp p53 clone, 1 clone of every 11 should contain an error. However, this error rate is based on typical PCR conditions containing hundreds of nanograms of genomic DNA (100 ng of human DNA represents ϳ13 000 cells, based on ϳ7.2 pg DNA/diploid cell). A recent report indicated that when 50 copies or less of template were amplified with Taq polymerase, a signif- icantly higher polymerase error rate was seen (61 ) . Furthermore, the authors cautioned against using direct sequencing to determine mutations with small amounts of template. Although the mechanism for these sequencespecific PCR errors is unknown, the authors speculated that if Taq polymerase stalled because of secondary structure in the DNA template, the ability of Taq to incorporate a base on the end of a fragment, in a nontemplate manner, might produce an apparent mutation. Taq commonly adds a base to the ends of PCR fragments (usually adenine), a property that has been exploited in the T-A cloning approach using t-tailed vectors (62, 63 ) . This hypothesis was further supported by parallel analysis with Pfu polymerase, which does not have nontemplate "extendase" activity (leaving blunt-ended PCR products). Their results with Pfu showed none of the increased polymerase errors at low template concentrations that were seen with Taq (61 ) , suggesting that Pfu may still have high fidelity for single cells.
To directly test the accuracy of sequencing from a single cell and to look for Pfu polymerase errors, we amplified and cloned the 2049-bp p53 fragment from a single cell using 35 PCR cycles and PfuTurbo. Using automated sequencing and BigDye terminator chemistry, we sequenced four clones from both ends, using plasmid primers T3 and T7. Because exon 7 is not located close enough to either end of the clone to be sequenced from the T3 or T7 reactions, an additional sequencing primer, J, was used to analyze exon 7. For each of these three p53 regions, 600 bp were read for each of the four clones. After visually inspecting each sequence chromatogram from miscalls by the sequencer, we were left with an average of ϳ4 ambiguous calls per 600 bp read (44 ambiguous calls in a total of 7200 bp read). Calls were considered ambiguous when peaks from two or more different bases had similar intensities. In all cases, the ambiguous calls from one clone were not found on the other three and, when aligned to the published p53 sequence, gave the correct sequence. In contrast, there were only three calls that differed from the p53 sequence and appeared genuine on the chromatograms. Because these base changes did not occur in more than one clone, they are considered genuine polymerase errors. Although three polymerase errors in 7200 bp read is substantially higher than predicted (i.e., 1 in 22 000), it is still quite low and can be easily compensated for by comparing the sequence of several clones.
Additionally, sequencing through a run of 16 A:Ts (5Ј to exon 7, starting at base 13914; GenBank accession no. U94788) led to three of the four clones showing different lengths of the T run. Two clones sequenced the region as 17 A:Ts, and one clone showed 14 A:Ts. Interestingly, all four clones sequenced correctly through a run of 10 A:Ts 150 bp away from the 16 A:T run. This error in a long run of A:Ts was the only error that could not be compensated for by comparing the sequences of four clones. Caution is therefore recommended when sequencing long base runs from single cells. Overall, these results indicate that direct sequencing of several clones amplified from a single cell (using PfuTurbo) is an accurate and reliable method for detection of DNA mutations.
comparison of HeLa cell p53 sequences with the wild-type sequence
Comparison of our consensus sequence from four clones showed no mutations in exons 5-9 of the p53 gene, confirming previous observations that HeLa cells do not contain a mutated p53 (64 ) . However, comparison of our p53 intron sequences with the most recent published sequence revealed three genuine sequence discrepancies (seen in all four clones). The first was a base difference in the intron between exons 7 and 8 (at base 14168; GenBank accession no. U94788). We were reassured to discover that this was actually an error in the original sequence, which was recently corrected by a direct-submission update to GenBank (accession no. AF209155). The second discrepancy was an additional base in the intron between exons 6 and 7 at base 13607 [TACGAG3 TACAGAG (the added base is in bold italics)]. The third discrepancy involved another base difference we detected in the intron between exons 9 and 10 [base 14977; AATAGTT3 AATTGTT (the base difference is in bold italics)]. A Blast search of this region discovered two p53 sequences that showed this base change (GenBank accessions nos. S166666 and S81486). These sequences were isolated from two different lymphoblastic leukemia cell lines (65, 66 ) . To test whether these last two discrepancies were either sequence errors in the GenBank p53 sequence or mutations specific to HeLa cells, we amplified and isolated the p53 gene from normal human genomic DNA from five to six people, using the same protocol as for single cells. Sequence analysis of every individual showed the same sequence found in HeLa cells, indicating that both of these base changes were indeed more errors in the GenBank sequence and not specific to HeLa cells or the lymphoblastic leukemia cell lines.
During these comparisons of HeLa sequences with normal human clones from many individuals, we also decided to examine whether the (A:T) 16 run was also difficult to sequence when adequate amounts of genomic DNA (100 ng) were used for the PCR. Under these conditions, we did not see any inconsistencies in the run length even when seven separate sequencing reactions were performed on the same clone. However, to our surprise, different individuals showed different lengths of this A:T run. To confirm this result, we cloned the p53 gene from 23 individuals and sequenced each clone two to seven times. Again, multiple sequencing of every individual showed the same length with the distribution of lengths between different individuals as follows: length (L) ϭ 13 (1 person), L ϭ 14 (1 person), L ϭ 15 (2 persons), L ϭ 16 (8 persons), L ϭ 17 (9 persons), L ϭ 18 (1 person), and L ϭ 19 (1 person). We also confirmed the run length in HeLa cells as L ϭ 16 in 10 genomic clones, consistent with the HeLa cell line being isolated from a single individual (with cervical cancer). Because this is the first report of this length polymorphism in the intron between exons 6 and 7, it will be of interest to determine whether this polymorphism correlates with any splicing variations in p53. Interestingly, this length polymorphism lies in an intron open reading frame of 84 amino acids. Changes in the length (except L ϭ 13 and L ϭ 19, which would maintain the reading frame) lead to significant truncation of this hypothetical protein. Whether this hypothetical protein is actually transcribed or whether the length polymorphism has any functional significance is unknown.
With the confirmation of one recently discovered GenBank error and the identification of two previously unreported errors in the GenBank p53 intron sequence, it is apparent that our approach of sequencing the entire genomic region of p53 containing exons 5-9 from single cells is both practical and highly accurate when four clones are examined. Additionally, the inclusion of intron sequences may yield potentially important information about splice junctions and other intron alterations frequently overlooked by the common approach of analyzing only coding sequences.
